Advances in the time propagation of multidimensional wave packets are exploited to present the A-band photodissociation dynamics of methyl iodide for five active vibrational modes on the three relevant excited ab initiu potential surfaces. The five modes considered represent all of the experimentally observed dynamical activity. The only modes neglected are the asymmetric C-H stretch and the asymmetric deformation of the methyl group. The kinetic energy operator corresponding to these five degrees of freedom is derived. The fully quantum mechanical calculation was implemented upon grids using 2880 distinct time-dependent configurations, determined by the multiconfigurational time-dependent Hartree algorithm, for each electronic state. All of the currently known experimental results regarding the umbrella vibration, symmetric C-H stretching vibration, perpendicular rotation, and parallel rotation of the photodissociated methyl radical fragment are well reproduced. The full wavelength dependence of all of these quantities is determined. The wavelength dependence of the energy deposited into translational, vibrational, and rotational motion is also given. The time evolution of the modes is presented in the context of correlated motion and its effect upon the dissociative process. Many of the details of the dynamics inherent to the conically intersecting nature of the excited surfaces is delineated. In particular it is shown that the Jahn-Teller distortion of the * Q i state is irrelevant in contributing to the perpendicular character of resonance Raman depolarization ratios. Results are compared and contrasted to previous calculations employing the collinear pseudotriatomic model with optimized empirical surfaces or the bent pseudotriatomic model with the same ab initio surfaces.
I. INTRODUCTION AND BACKGROUND
By focusing upon nuclear motion, molecular dynamics seeks to elucidate the most basic chemical process, the making and breaking of chemical bonds. Often times though, the dynamics of a general full scattering problem is inextricably complicated. Various half-collision processes, such as photodissociation, offer a more simple class of problems which can reveal the details of dynamics that lead to chemical change. ' A photodissociation "event" can be ascribed to a characteristic time period with an explicit origin of time. The initial state can be chosen at will so that its geometry is known. The energy deposited into the excited states can be well defined and capable of systematic variation over a broad range of values. Commensurate with this flexibility in defining the nature of the photodissociation event to be explored is the wealth of experimental data that are realized. Absorption and emission spectroscopy, photofragment time-of-flight and angular distribution, laser ionization/mass spectrometry, and more recently, real-time experimental probing of the reaction pathway have all been employed to examine the el- Freiburg, Germany.
ementary bond-breaking process. The photodissociation of a polyatomic molecule results in atomic and molecular fragments with electronic, translational, vibrational, and rotational distributions that are dependent upon the entire dynamical history-the initial state, the electronic surfaces participating in the fragmentation along with their couplings, and the nature of the incident photon field as well as the transition dipole moment. Not only are the fragment distributions an exceedingly sensitive probe of the past dynamics of nuclear motion, but the energy partitioning in the fragments is an important source of information on their subsequent reaction processes. Theoretical tools for the examination of photodissociation have grown in consort with the experimental efforts. The treatments have evolved from diatomic models to studies on multidimensional ab initz'o surfaces.
Methyl iodide's photodissociation in the vicinity of 266 nm has become the prototypical process for photodissociation studies, commanding prominence when the first photofragment laser was achieved with lasing between its two spin-orbit split iodine atom transitions upon broadband photolysis.2 The process is a comparatively simple one to study; a small number of atoms are involved in a fast and direct high symmetry fragmentation on a purely repulsive excited potential surface. Nevertheless, the dissociation process has characteristics in common with far more complex molecular systems. Its photodissociation involves the partici-interactions where the resulting curve crossing (conical intersection) yields more than one product channel, and produces photofragments with several internal degrees of freedom. The relation of these attributes to its photophysics and photochemistry has been extensively investigated both experimentally and theoretically. The current status of this work has recently been summarized.3-5 This extensive body of information attests to the evolution of increased understanding with more probing experimental techniques and more comprehensive theoretical treatments. 570-730 cm-' region consistent with methyl fragment v2 umbrella mode excitation." Subsequently, a high resolution photofragment study employing a supersonic beam gave the vibrational distributions for the umbrella mode activity in the I* and I channels." Clearly, diatomiclike models would no longer suffice.
The photodissociation of methyl iodide near 266 nm accompanies the n -+ (T* electronic excitation to the lowest lying A-band absorption in which a nonbonding p electron of iodine is promoted to the lowest unoccupied antibonding molecular orbital. Five electronic states in the A band are energetically accessible from the ground electronic state, of which three, 3Q t , 3Qo, and ' Q i , are electric-dipole allowed.6 However, only the later two contribute significantly to the absorption.7 The 3Qo state correlates asymptotically to excited I* (2P 1,2) and the 'Q, state correlates to ground state I atoms ( 2P3,2) in the dissociation limit. At Csv symmetry, transition from the ground (A i) state to the 3Qo(A i) state occurs via a parallel transition moment while transition to ' Q i (E) occurs via the transition dipole component that is perpendicular to the molecular axis. Within the A band, 75% of the continuum intensity is attributed to parallel transitions to the 3Q0 state, while for the 260-262 nm region (absorption maximum for 3Qo), they account for 94% of the intensity. 7 An increased understanding of the dynamics upon the A-band potential energy surfaces has evolved from a fruitful interplay between theory and experiment. From both perspectives, added details of the process have emerged as the treatment was enhanced and expanded. On the theoretical side, the simplest treatment considers methyl iodide as a diatomic or pseudodiatomic system. Over 50 years ago a diatomic model was applied to interpret the ultraviolet (UV) spectrum as arising from two dissociative potentials.* The experimental spectrum was resolved into one strong band proposed to lead to excited iodine atoms and a weaker band leading to unexcited products. The advent of the methyl iodide photofragment laser unambiguously demonstrated the proposed population inversion.2 An early effusive molecular beam/time-of-flight (TOF) measurement with 266 nm photolysis confirmed the propensity for excited I atoms and showed that the available energy was predominantly disposed into translational energy of the methyl fragment. ' In an impulsive quasidiatomic model for energy partitioning, the TOF data fell between the limits of a "rigid" methyl radical with only rotational energy being imparted to it and a "soft" radical with both rotational and vibrational internal excitation. From measurements of the angular distribution, the majority of the intensity near 260 nm was attributed to parallel transitions and the lifetime of the excited state found to be faster than a rotational period." While the bulk of these early data are consistent with a rather simple picture of direct photodissociation, experiments were beginning to report more than what could be ascribed to merely the dynamics of the C-I bond rupture. Infrared emission was detected in the The most often used model for methyl iodide's photodissociation treats the system as a pseudotriatomic. In the original collinear pseudotriatomic model13 the three hydrogen atoms have fixed C-H bond lengths and are constrained to lie on a plane perpendicular to the C3u axis. Consequently, they can be replaced by a pseudoatom located at their center of mass. The angular umbrella motion is approximated by reducing it to a "stretch" representing the carbon atom/ pseudoatom relative displacement, omitting perpendicular motion of the H atoms. The dissociative coordinate is the other degree of freedom considered and excitation is taken to the 3Qo surface, neglecting nonadiabatic coupling to the ' Q, surface. Within this model, empirical ground and excited state potentials were constructed that reproduced the known properties of the ground state and the experimental photodissociation data at 266 nm. The close coupling calculation'3 yielded an absorption spectrum and vibrational distribution in reasonable agreement with the available data."*" The calculation predicted a shift of the distribution to higher vibrational quantum numbers with an increase in photon energy which was not borne out in subsequent photofragmentation studies at 248 nm.14-'6 However, the prediction was consistent with other theoretical studies, in particular, the first time-dependent wave packet study of methyl iodide where semiclassical Gaussian wave packets were propagated by classical equations of motion upon the same empirical 3Qo potential.17 In spite of the highly parallel nature of the transition, the observation of both I* and I products indicated that nonadiabatic interactions of the 3Qo state with the 'Q, state would have to be considered. To bring theory into accord with experiment, the curve crossing could no longer be ignored.
The original close coupling calculation was extensively modified to incorporate both excited surfaces and their nonadiabatic and radiative couplings by parameterizing them to fit all of the known experimental data.'* A new calculation yielded excellent agreement with experiment for the parallel and perpendicular components of the absorption spectrum and the branching ratio.7 Quite reasonable fits were obtained for the I* vibrational distribution at 248 nm (Ref. 16 ) and 266 nrn,12 attributed to the improved empirical 3Qo surface rather than incorporation of the potential coupling. Hot inverted distributions were predicted for both channels across the spectrum. A later room temperature TOF photofragment study at 280 mn reported a hotter distribution than the revised calculation predicted." Subsequent experiments20-22 strongly indicated that the I* distribution was not inverted. Employing new experimental data at 248 nm, the empirical 3Qo surface was further refined in the first fully quantum mechanical time-dependent wave packet study of methyl iodide's photodissociation. For both CH31 and its deuterated analog, excellent agreement with experiment was found for the absorption spectrum and also reported for the vibrational distribution and 1*/I branching ratio at 248 nm. A subsequent infrared diode laser study of the 248 nm photolysis gave similar, noninverted results for the I* distribution.23 The refined model was also applied to investigate the effect of initial parent vibrational excitation upon the dissociative process and the final products.24 By explicitly incorporating the radiation field, the model was generalized to examine the effects of intensity, frequency, and pulse width in weak and high field photodissociations of methyl iodide.25 Overall, the collinear pseudotriatomic model has enjoyed more than a decade of utility, treating motion in only the dissociative and umbrella coordinates as relevant.
Experiments are beginning to detect dynamical activity in other modes from observation of rotation of the methyl radical photofragment 20*22*23926-29 and excitation of the C-H symmetric stretch.28-32 Many potential sources of this rotational excitation exist; initial rotation of the parent molecule, motion in an asymmetric mode, or even the zero point motion of an asymmetric mode. Motion in an asymmetric mode during the course of methyl iodide's photofragmentation is often invoked as the probable mechanism of the symmetry breaking requisite for the otherwise symmetry forbidden transfer of population from the initially populated 3Qo(Al) state to the 'Q,(E) state.
The formation of both I* and I photofragments exemplifies the failure of the adiabatic Born-Oppenheimer approximation in solving the full electronic/nuclear Schrodinger equation. Vibronic interactions must be considered. Vibronic coupling is induced by motion in an asymmetric mode,33-35 as on the conically intersecting surfaces of Jahn-Teller systems. So degenerate or close-in-energy electronic states, such as the "Q. and ' Q , states near their conical intersection, mix for nuclear configurations which remove the original symmetry and degeneracy or near-degeneracy. Consequently, excitation of the vibronically active asymmetric mode is connected to any nonadiabatic transition and responsible for the formation of both I* and I products. This line of reasoning is upheld by the recent ab initio calculations of the sixdimensional potential energy surfaces for these states. 4 The potential coupling terms are found to all be zero at symmetric (C,,) geometries. On the other hand, the coupling maximizes when the C3v symmetry is broken by bending of the H3-C-I angle.
These new ab initio potentials offer a marked departure from previous theoretical treatments. An earlier ab initiu calculation of the same surfaces restricted the symmetry to C3u and thus neglected the important angular variations.36 The collinear empirical two-dimensional potential surfaces and radial nonadiabatic coupling element, when properly parametrized, can reproduce the experimental vibrational distributions. In this case, many of the effects of the conical intersection can apparently be modeled by an avoided crossing. Nevertheless, the collinear approximation is unable to treat rotational motion. Moreover, its description of the conical intersection is simply physically incorrect and dynamical information derived from it becomes dubious. Based on the new ab initio surfaces, a three-dimensional wave packet calculation was performed,37 restricting description of the kinetic energy to a pseudotriatomic by adapting the collinear pseudotriatomic modelI to allow for H3-C-I bending. This model approximates both the angular umbrella motion and the angular bending. The calculated UV spectrum was blueshifted and broader than the experimental spectrum. Good agreement to experiment was found for the I* vibrational distribution at 248 nm (Refs. 23, 38) and also for the I* channel of CD,I. The I channel distribution was also reasonable. The rotational distributions were consistent with the experimental observations of a hotter I channe1.20726Y27929 The availability of multidimensional ab initio potential energy surfaces for the relevant states in methyl iodide's A-band photodissociation also provides the impetus to treat all of the experimentally observed modes. To more realistically utilize the information provided by the surfaces, all angular motions need to be treated as the true angular variations that they represent. As the nonadiabatic transitions are a quantum phenomena, a fully quantum mechanical approach is warranted which correctly addresses several continua of product channels. However, a glance at the grid requirements given in Table I for the five relevant degrees of freedom shows that a numerically exact quantum calculation would not be feasible. Even with a modest increase from three to five coordinate dimensions, the exponential increase of computational effort with dimensionality precludes such a calculation. This may be circumvented by performing the quantum calculation with a controllable approximation which reduces the numerical requirements while neither altering nor obscuring the relevant chemistry and physics of the dissociation process.
In many areas, mean-field approximations are proven procedures for overcoming the scaling of effort with dimensionality. For example, the mean field may be the selfconsistent field (SCF) of the Hartree and Hat-tree-Fock methods for electronic structure problems,3g*40 the mean fields extensively employed in statistical mechanics,4' or those resulting from various approximations to evaluating path integrals.42*43 In molecular dynamics, applications of the self-consistent field approximation have been made to determine a host of static properties relating to eigenstates and energy levels.u*45 However, simple mean-field theories, static SCF, are not broadly applicable to the whole range of molecular dynamics phenomena. In addition to neglecting all correlations among the various degrees of freedom, their static nature precludes simulating dynamical processes.
The time-dependent analog to quantum SCF, the timedependent self-consistent field (TDSCF) method, also referred to as the time-dependent Hartree (TDH) method, has its origin in the early work of Dirac.46 It addresses part of the correlations by incorporating SCF in an explicitly time-FIG. 1. Bond length and bond angle internal coordinate system used to describe methyl iodide's photodissociation. dependent formulation. By introducing the time parameter, dynamical processes can be examined and part of the correlations are included by the time evolution of the wave function. TDSCF introduces an effective time-dependent potential under the influence of which energy may be transferred between different modes of the system, yielding time correlations between them. The ability of the system to continuously adjust to the field which it experiences forms the basis for the superiority of TDSCF methods over their static counterparts. While the TDSCF approach can indeed treat a broader range of problems, it nevertheless is an inadequate theoretical tool for simulating many dynamical systems of interest. It can omit important correlations, most notably when the wave function bifurcates into two or more parts, as in the nonadiabatic transitions that characterize methyl iodide's photodissociation.
A direct way to account for this omission in TDSCF is to systematically correct by the addition of configurations, producing multiconfigurational time-dependent self-consistent field (MCTDSCF) descriptions.47-58 Among these, the multiconfigurational time-dependent Hartree (MCTDH) method50*55-58 is based upon an algorithm which automatically performs the systematic corrections to provide an unambiguous optimal choice for the configurations. What distinguishes the approach is its completeness, with convergence properties similar to optimal spectral methods, so that the numerically exact representation of the wave function is always included as a limiting case. In its original introduction, upon increasing the number of configurations, the approach was shown to yield rapid convergence of the wavefunction to the numerically exact result for a model two-dimensional problem.50 Though starting from a completely different point of view, the general methodology was shown to be able to accommodate bifurcation in twodimensional reactive scattering.51 More recently, it has been successfully applied to three-dimensional photodissociation reactions on single potential surfaces where converged UV spectra were presented and convergence of the approach discussed. 55, 56 A prior brief communication5* reported a five- dimensional MCTDH calculation of methyl iodide's photodissociation upon three excited ab initio potential surfaces. The kinetic energy operator and spectrum were given, convergence of the calculation demonstrated, and some correlations between different modes during the course of the dissociation discussed. This current paper details the dynamical activity of and the energy disposal in all experimentally observed modes. The asymptotic vibrational and rotational distributions are given. In the Appendices the kinetic energy operators are derived.
II. PHOTODISSOCIATION MODEL AND IMPLEMENTATION

A. Hamiltonian
Resonance Raman investigations have beautifully captured the elementary C-I bond-breaking process in the observed y progression.30*31 Experiments have also detected excitation of the v1 symmetric stretch and y umbrella mode and have reported both parallel and perpendicular rotation of the photodissociated methyl fragment. These experimental observations require modeling the dissociation with a minimum of five coordinates. Methyl iodide has a total of nine degrees of freedom defining its internal vibrational motion. In this work, the chosen coordinates are the C-I bond distance rI, the H3-C-I bending angle 0i (the angle between the C-I axis and the axis perpendicular to the plane spanned by the three hydrogen atoms), the angle 4 defining the direction of the bend (dihedral angle between the iodine and a methyl hydrogen), the umbrella angle f3u of the methyl group, and the symmetric C-H bond distance rn. These internal coordinates are displayed in Fig. 1 . The four degrees of freedom describing the asymmetric stretch and the asymmetric deformation of the methyl group will be omitted so that the local C3" symmetry of the methyl fragment is retained. All coupling between rotational motion and motion in these five coordinates will be neglected. Using the G matrix of Eq. (A14) derived in Appendix A, the reduced dimensionality vibrational kinetic energy operator in these bond length and bond angle coordinates may be written for total angular momentum J= 0 as ----where p1 is the reduced mass of the C-I diatomic fragment, l/~,=llmc+llmI.
At the energies of the photodissociation of methyl iodide due to pt --t (T* electronic excitation into the lowest lying A-band absorption, only two excited electronic states are relevant, the "Q. and ' Q I states. The participation of more than one excited electronic state implies that the simple adiabatic Born-Oppenheimer formulation is an inadequate model. Choosing a diabatic representation for the electronic basis allows utilization of diabatic potential energy surfaces and vibronic couplings. These and all equilibrium values are based on the recent six-dimensional ab initio calculations. 4 The rI , 4, 4, and &, dependencies of those calculations are employed in the potential surfaces and couplings of the present work. The asymmetric methyl deformation is omitted, freezing the projections of the three H-C-H angles onto the plane perpendicular to the top axis to 27r/3.
The symmetric C-H stretching motion is included by augmenting the methyl force field of the ab initio surfaces with an rH-and h-dependent potential for the methyl radical.59 The rH-dependent part of this potential energy function is + (F12222/24)5(1% where the symmetric stretching potential is given by
n=2
The coefficients and the definition of the symmetry coordinates (S, ,S,) are given in Table II . As the ' Q 1 state is of E symmetry, it is subject to JahnTeller distortions. The ab initio calculations reveal the presence of this distortion as a splitting of the 'Q, state into two diabatic singlets that are nondegenerate in C, symmetry. Anomalously large Raman depolarization ratios of the C-I stretching overtones have been reported which were attributed to a perpendicularly polarized emission component following parallel absorption to the 3Qo surface.60 Subsequently the enhanced ratios were shown to be attributable to interference between parallel (ground--+3Qo+ground) and perpendicular (ground-+' Q, -ground)
Raman pathways though contributions due to the Jahn-Teller distortion of the 'Q, I state could not be excluded.61 The current work sought to examine the question of the origin of the perpendicularly polarized character by examining the importance of and what effect this distortion has upon the photodissociation dynamical activity. Consequently, the quantum dynamics are modeled upon three excited electronic surfaces, the 3Qo and both ' Q 1 diabatic potentials.
B. Representation of wave function and Hamiltonian
The time-dependent wave function of the system is approximated via the multiconfigurational time-dependent Hartree method as the sum of products NI N6 6 Wl,..., -%,t)= c -'* c %,...,,(d~ X;;(xj,t), tZ,=l "6'1 i=l (4) where the coordinates x1 to x5 denote the five nuclear degrees of freedom and x6 denotes the gridless coordinate for the electronic state. The set {Nj , i = 1,6} defines the number of xci) single-particle functions for each degree of freedom (the three excited states dictate that N, be 3) and IIF= 1N, gives the total number of terms in the wave function. Each term corresponds to a unique configuration when, for each degree of freedom, NF does not exceed the total number of terms in the wave function. This multiconfigurational wave function is similar in spirit to analogous expressions from electronic structure theory.62 The basic difference is that here the expansion coefficients and single-particle functions are both time dependent. By constraining the xci) to be orthonormal and their time derivatives orthogonal to the space currently spanned by the xci), the equations of motion for the wave function follow from the Dirac-Frenkel 
The superscript on the Hamiltonian expectation value indicates that averaging over * omits the ith degree of freedom. The elements of the density matrix satisfy x I dx;/y;(i)(xf) 'P(x, ,..., x; ,..., x,5) ,..., xj ,..., &f)(x') R I 7
where the diagonal element pjrin) gives the population or relative weight of the single-particle state xy). The above equations of motion have been fully discussed.50P55763 Rather than the above single-particle states, a more physically revealing set of states are the natural singleparticle functions analogous to the natural orbitals of configuration interaction electronic structure theory.64 Their populations are the eigenvalues of p"'. The natural functions derive from the transformation with the original singleparticle functions that diagonalizes pci'. Natural orbitals have been shown to yield the most rapidly convergent multiconfigurational expansionW and their general utility has recently been illustrated.65 Therefore, a small weight to a given natural function indicates that its contribution to the overall wave function is negligible. This provides the magnitude of the natural weights as a measure of convergence. Since the weights are numbered in order of decreasing population, once the weight of the highest function goes to zero, convergence with respect to the number of functions representing the given degree of freedom is achieved. This criterion was employed to demonstrate the convergence of the previous MCTDH calculation on methyl iodide.58
In order t,o reduc: the numerical effort in calculating the operation of H and (H)") in Eqs. (5) and (6), current implementation of the MCTDH algorithm requires that the Hamiltonian operator be expressed as a sum of products where each product term operates upon only one degree of freedom. The kinetic energy operator of Eq. (1) is of this form. As an illustration, consider the kinetic energy operator corresponding to the 4 degree of freedom. There are two terms in the sum. The first involves a product whose terms operate upon 4, t?t, and rI and the second a product acting upon 4, Sk, and rn . However, the diabatic potential energy functions and vibronic couplings of the ub initio calculations exhibit correlated motion in the rI and t$r coordinates and, consequently, have terms which simultaneously operate upon two degrees of freedom. Fortunately, potentials expressed in terms of internal coordinates (such as the curvilinear bond lengths and bond angles employed here) have the advantage that they can be expressed as a polynomial expansion in a sum of products form using only a few terms to achieve convergence. This is due to the more accurate representation of the vibrational potential energy surface afforded by curvilinear coordinates than by their rectilinear Cartesian counterparts. From a Newtonian interpolation scheme, expanding in powers of sin Aa=sin( t+-r/2), the expanded functional forms used in the calculation are
No,(sin Acr-Ni,)(sin ACY-N2,)
where AR= r,-4.028 89. Table III lists the coefficients where the general nomenclature follows the ub initio work. 4 The equations of motion are solved employing a discrete representation of Hilbert space based upon a pseudospectral collocation method with Fourier bases for rI and 4, Legendre polynomial bases for the two 0 bends, and a Hermite polynomial basis for r n . Curvilinear internal coordinates are generally not employed in quantum calculations due to the resulting complicated kinetic energy operator whose kinetic energy matrix is nondiagonal. Consequently, a pseudospectral representation of coordinates which are not orthogonal is rather unique.@ To the best of our knowledge there has been no previous application in a time-dependent study. The number of single-particle functions for each degree of freedom and the number of grid points used in their representation are summarized in Table I . The number of functions correspond to employment of 2880 distinct configurations for each of the three excited state wave functions yielding a total of 8640 unique configurations in Eq. (4) . The discretization given in the table suffices to ensure a converged representation for each of the corresponding x single-particle functions. In the prior communication convergence was demonstrated for the UV spectrum using one less (Ni-1) single-particle function for each coordinate degree of freedom, or 2700 configurations overa1l.58
Electronic excitation is modeled as a vertical transition from the ground electronic state to the excited 3Qo state, implying a constant transition dipole moment (Condon approximation). To be consistent with the ab initio calculations, their vertical energy gap of 5.089 eV at the Franck-Condon point is used to define the energy difference between the ground and excited potential surfaces in all simulations. The ground state eigenfunction is determined by relaxation67 on a model ground potential energy surface. The surface is constructed from an rI-and &-dependent empirical potential,18 with bending motion harmonically governed at an experimental frequency and symmetric stretching motion taken from the methyl radical potential.59 Table IV gives the fundamental frequencies and a number of combination bands for this surface. The theoretical frequencies are obtained by Fourier transforming autocorrelation functions from long-time nonequilibrium ground state propagations of q with the angle 4 frozen. The good agreement of the fundamental frequencies to experimental values indicates that the fivedimensional wave function for the initial state is a faithful representation of the ground state.
III. ANALYSIS OF PHOTODISSOCIATION A. Asymptotic products
In analogy to experiments, product analysis is calculated in the asymptotic region to obtain the I* yield, branching ratio, and internal state distributions of the photodissociated methyl radical. In the limit of a weak radiation field, the asymptotic state distributions define the probability for a transition from an initial state i to a final asymptotic state f with energy E and are, to within a prefactor, the partial cross sections for such a transition. Expansion of the asymptotically propagated wave function in terms of final states separable in the different degrees of freedom, the asymptotic scattering wave function *(-), gives the partial cross section
where nf is the set of all quantum numbers needed to fully specify the final state at energy E. The sum of all the partial cross sections yields the total absorption cross section. Here the parallel component of the total absorption cross section is determined as the initial excitation is to the 3Qo state, simulating the action of parallel polarized light.
To obtain the product eigenstates the asymptotic wave function must be separable in terms of product eigenfunctions. This requires that the kinetic energy and potential energy operators be asymptotically separable. In the potential expressions, the only coupling which remains in the asymptotic region is between the rH and e;, coordinates. On the other hand, the kinetic energy operator of Eq. (1) has significant nonvanishing kinetic coupling even for infinite separation of the iodine and methyl fragments. The kinetic couplings beyond those of rH and & can be eliminated by changing from _the set of coordinates R={rl ,6$ ,+, f& ,rH} to the set R={~,,8,,~,~,r,}.
The new coordinates, involving the internal motion of the iodine atom, are Jacobi coordinates where F, is the distance between the iodine atom and the center of mass of the methyl group and & is the angle between r, and the local C,, symmetry axis. The necessary coordinate transformation is given in Appendix B. The Hamiltonian in these new coordinates is derivable from the appropriate G matrix of Eq. (B3),
where ,G is the reduced mass of the dissociative coordinate l/,!i= l/mI+~/(mc+3mH).
In the asymptotic limit of this kinetic energy operator rovibrational coupling in the methyl group is neglected by replacing the bond length and umbrella angle by their asymptotic equilibrium values, r,=2.0484 a.u. and @+=~/2.
The asymptotic scattering wave function corresponding to the potential energy operator and the kinetic energy operator of Eq. (lo), both evaluated asymptotically, is separable in the translational (?t), vibrational (rn,&), and rotational ($,$) degrees of freedom. For a total energy E partitioned into translational, vibrational, rotational, and electronic contributions from either the I* or I channel, the wave vector for translational motion is given by energy conservation
for electronic channel e. The numbers n and u denote the vibrational quantum numbers of the symmetric stretch and umbrella bend for the methyl radical. Rotation of the methyl group perpendicular to the top axis (around the C2 symmetry axis) has J as its quantum number while rotation parallel to the top axis (around the C3U axis) has quantum number K. Denoting the vibrational eigenfunction by xnu and the wave function for the perpendicular component by the spherical harmonic, Y,,, which is, to within a multiplicative constant, the Legendre polynomial P,(cos &), the asymptotic form of the scattering wave function normalized on the energy scale may be written as
Expressing the time-dependent asymptotic wave function for the system in Eq. (9) as a sum of wave functions defined for each electronic surface, ?Pe with e=I or e=I*, the rovibrational distribution from Eq. (9) is then given by c$$,:,(E)=!ti~ 4w&2k j(eikh+iKd e xxnu(rH,eH)YJo(B,,0)l~',(~i,t))12 (13) for electronic channel e.
The wave function W(R,t) is propagated to 100 fs into the asymptotic region under the operation of the kinetic energy operator given in Eq. (1). The rovibrational distribution matrix elements are evaluated by employing the coordinate transformations of Eq. (Bl) of Appendix B to express the Jacobi coordinates in Eq. (13) by the bond coordinates used in the propagation. Appendix C delineates the numerical transformation procedure. The vibrational eigenvalues are determined by diagonalization. Table IV lists the 19 vibrational excitations for the methyl radical used in the asymptotic product analysis. In general, the umbrella mode of the radical is too stiff. The model potential yields y fundamental and overtone frequencies that are about 4% to 5% higher than experimental values. Those involving the symmetric stretch are approximately 2% too high. The vI frequency is very sensitive to the bond length employed. In the calculation, the average methyl iodide C-H bond length contracts from 2.0484 to 2.0425 a.u. in passing to the radical and the vi frequency is raised by 54 cm-'. Experimentally, as listed in Table IV , the frequency is reported to be raised by about 33 cm-'. Neglect of the asymmetric modes and their anharmanic coupling with St and S2 [see Eq. (2)] may account for the higher calculated frequencies. Aside from correcting for the equilibrium bond length, the potential energy surface for the symmetric stretch59 is unaltered as is the methyl force field of the ab initio surfaces.4 No attempt is made to modify the potentials to obtain better agreement with experimental vibrational frequencies. However, work is currently underway to replace the force field with ab initio data.73
The I* quantum yield or branching ratio for the photodissociation of methyl iodide is a quantity experimentally well explored. With the form of the asymptotically scattered wave function given in Eq. (12) the yield into the I* channel is (14) The denominator represents the energy resolved total cross section for the parallel component when initial excitation is taken to the 3Qo surface. For weak CW excitation this is the where, = e -^ with E=E,+ho, @=p.eq(O), and m(t) 'hxr"@,, for propagation upon the excited potential surnormal absorption spectrum. It can serve to corroborate @ces governed by the operation of the excited Hamiltonian, whether asymptotic character is achieved upon comparison H,,. E, is the energy of the initial state, 'P(O). Section IV C with the equivalent, to within a prefactor, expression for the compares the two methods for determining the absorption spectrum obtained from a time-dependent prospective74'75 spectra. Very reasonable agreement is found.
In perturbative time-dependent calculations of photodissociation where an avoided crossing (or conical intersection) of excited electronic potential energy surfaces exists, the time-dependent population change oftentimes exhibits oscillatory behavior. In the case of strong-field simulations with short optical pulses, the oscillations can even appear far into the asymptotic region, quite removed from the crossing region of the potential surfaces.25 The oscillatory structure indicates recrossings of a portion of the population between the surfaces during the nonadiabatic process. A previous discussior? can be adapted to the current model of methyl iodide's photodissociation which elucidates this phenomenon.
The origin and nature of the amplitude of the oscillations can be understood by introducing a time-dependent potential coupling which is the central element of the nonadiabatic coupling process,
where !Po denotes the wave function on the Q. surface, q'1 denotes the wave function on the Q, surface, and Vol is their mutual potential coupling. The population on either of the electronic surfaces is given by the overlap of the corresponding wave function. Then the change of the population on the Q. surface is the time rate of change for the overlap of its wave function, whose exact expression is
The amplitude of the population oscillations can be quantified by time-averaging the instantaneous population change, Eq. (17). over half of a period T of the oscillation between turning points of the motion Unless the motion is perfectly periodic, Eq. (18) and the time-averaged population amplitude are explicitly time dependent. A more realistic choice for a period would be one which corresponded to the finite response time of the detection system for the experiment being simulated. The time derivative of the Q, state normalization is the transition probability per unit time. Its product with fiwa,(t), the energy difference between the coupled surfaces at time t, yields the instantaneous rate of energy gained by the Q, surface and lost from the Q, surface in the nonadiabatic transition. As several energies characterize the transition process, so do several frequencies. One frequency is given by the strength of the vibronic coupling and the other by the energy difference between the two electronic surfaces. The frequency of the population oscillations can be estimated in terms of these two frequencies, Examining the process in an "adiabatic" representation by diagonalizing the matrix of potential terms, two new adiabatic potential energies arise. The desired frequency can be estimated from the difference between these eigenvalues 2 I/2 w=(w&+4V~,lfi ) .
This frequency remains time dependent so long as either the separation between the potential surfaces or the vibronic coupling is not constant in the region where the wavefunction resides. Two limiting periods are predicted by Eq. (19). Which is the larger or the smaller is determined by the value of the potential coupling of the ab initio surfaces relative to the spin-orbit splitting. In the region of the asymptotically separated fragments, where the vibronic coupling vanishes, the spin-orbit splitting of 0.943 eV yields the smallest limiting period that can be obtained in methyl iodide's photodissociation, 4.4 fs. Note that the frequency corresponding to this period will not be observed far from the transition region since a vanishing potential coupling results in a vanishing transition amplitude [Eq. (17)]. On the other hand, the period of the population oscillations will achieve its maximum in the vicinity of the crossing point. Larger potential couplings enhance both the amplitude and frequency of the oscillations. Likewise, enhancement occurs when the populations of the nonadiabatically coupled states are localized within the potential coupling region. The formal exact solution to the Schriidinger equation shows that at very short times 'l! i (t) is small and predominantly imaginary while 'PO(t) is large and real (in nonperturbative calculations the real and imaginary character of the initial wave functions is reversed). Initially, then, the amplitude is expected to be larger.
The limiting case of purely periodic oscillatory behavior occurs when the electronic potential surfaces have no structure. The analysis reduces to a two-level problem with only V. I (t) dynamically driving the system. In that case the frequency is analytically given by Eq. (19) and it is time independent. The sinusoidal population variation is forever between 0 and 1. Attainment of an asymptotic constant population less than unity can be incorporated into the model problem by phenomenologically introducing decay which mimics the motion of the wave packet out the exist channel and away from the crossing region. The classic two-level problem arises for a system driven by an oscillating electromagnetic field. In this case p-e replaces the potential coupling in Eq. (16). Then Eq. (17) becomes proportional to the instantaneous power and Eq. (19) becomes the Rabi frequency where wo, now represents the detuning from resonance.
IV. RESULTS AND DISCUSSION
A. Nonadiabatic process and I* yield
The major characteristic of the photodissociation of methyl iodide is the fission of the bond between the carbon and iodine atoms. Due to the spin-orbit splitting of iodine, either ground state or spin-orbit excited state iodine can be formed. The solid curve in Fig. 2 tion of the decay of the population on the 3Qo electronic surface, asymptotically correlating with the excited iodine product, I*. As the action of parallel polarized light is being simulated, excitation is taken to the surface which has the same symmetry as the ground state surface in its linear geometry (C,, symmetry). Therefore the initial population is 1, and any decrease signifies a transfer of population (nonadiabatic transition) to the ' Q I surfaces, correlating with ground state iodine atoms. Population transfer is roughly an exponential decay. It is completed in approximately 20 fs when the population on the 3Qo surface attains its asymptotic value of 0.917 which is the broad band I* yield. This extremely fast photodissociation is a hallmark of a dissociative process occurring upon steep repulsive potential surfaces. Furthermore, it is more than rapid enough to warrant neglecting overall rotational motion, as this total angular momentum J= 0 model does. Fig. 2 is rather insensitive to the dimensionality of the calculation. The most important parameters are the potential terms in the transition region. Other degrees of freedom are orthogonal to the dissociative coordinate responsible for motion through the crossing region and should not have much of an effect. To examine this hypothesis, a twodimensional calculation was performed on the same ab initio potential surfaces with the collinear pseudotriatomic model using a radial potential coupling term" adjusted to approximately reproduce the I* yield of the 5D calculation. The dotted curve in Fig. 2 represents the time dependence of the 3Qo population in the 2D collinear model. Aside from about a one femtosecond more rapid dissociation and a slightly greater population, the collinear nonadiabatic dynamics matches the 5D dynamics quite well. The frequencies and amplitudes are in very good agreement. A disparity is seen for the initial rate of decay which appears rather linear in the 2D case. A three-dimensional calculation with the bent pseudotriatomic model upon the same surfaces also exhibits a linear initial decay37 and similar amplitudes and frequencies. The good agreement for the dynamics gives additional credence to using the simple arguments and expressions of Sec. III B to understand and semiquantitatively analyze the time dependence of the nonadiabatic transitions. Figure 2 exhibits the oscillatory structure discussed previously. Considering the damped oscillations the periods are observed to decrease with time from 9.2 to 4.4 fs, correlating with potential differences of from 0.45 to 0.94 eV, respectively. The latter difference corresponds to the spin-orbit splitting of the two electronic states. The former difference is also dominated by the energy gap between the two states. At the average coordinate values corresponding to the 9.2 fs period, the difference between the two surfaces is 0.4 eV and the average potential coupling is 0.02 eV. Using Eq. (19), these energies are consistent with the 0.45 eV estimate from the period. Estimating the location of the crossing point by the average coordinate values at the time at which the population has decayed to one-half of its asymptotic value yields t-,=4.56 a.u. and f&=lOO". The ab initio study defines the conical intersection to be near 4.47 a.u. with an umbrella angle of 104".
The current treatment of the nonadiabatic dynamics is all within the framework of a linear response model where the action of the exciting electric field is omitted [except for Eq. (17) which is an exact relation]. The nonadiabatic temporal behavior of Fig. 2 is for a &function electric field amplitude and is only indicative of what can be observed with short pulse excitation. Were the photodissociation to be modeled exactly, by incorporation of the electric field, the amplitude of the oscillations would be seen to decrease with pulse width. This is due to the delocalization of the radiatively coupled wave packet created on the upper surface. Upon increasing the pulse width, it takes a correspondingly longer time to excite the same fractional population. This time interval allows the wavepacket to spread upon the excited surface, reducing its localization in the potential coupling region, and weakening the magnitude of the time-dependent coupling of Eq. (16). A &function pulse creates the most localized wave packet with the greatest population amplitude. However, the nonadiabatic transitions for methyl iodide may still be observed in real time for Gaussian pulses whose FWHM is less than about 40 fs. Nevertheless, this provides a note of caution in interpreting experimentally observable dynamics from perturbative calculations. The "true" experiment to which the perturbative calculation corresponds must be kept in mind.
According to the previous section's discussion of the oscillations, the amplitude depends upon the time-dependent potential coupling of Eq. (16) and the frequency upon the frequencies corresponding to the energy difference between Experimentally, the presence of nonadiabatic transitions during the dissociation process is often inferred from the I* quantum yield. If the initial excitation is a purely parallel one to the 3Qo state, any decrease in the yield from unity signifies a curve crossing to the 'Q t state. The dotted curve in Fig. 3 gives the energy resolved I* yield obtained from Eq. (14). Across the spectrum (solid curve), the yield is almost constant with a broadband value of 0.917. At the absorption maximum the yield is 0.916. The classical result of 0.91 in the ab initio study is in excellent agreement with the quantum MCTDH result.4 A slightly lower value of 0.89 is reported for the bent pseudotriatomic mode1.37 Lower experimental values are reported, -70% at 248 (Refs. 1516) and -75% at 266 nm.g*81 A recent molecular beam study indicates that the yields at two quite different wavelengths, 266.2 and 229.4 nm,82 are similar, suggesting a fairly constant yield across the more intense portions of the spectrum. The precipitous drop in the yield exhibited in Fig. 3 is indicative of the conical intersection. The yield data provides an estimate for the location of the intersection at 4.0 eV above the ground state surface. The ab initio study is in excellent agreement.
B. Mode dynamics
Even though the major event of the dissociative process is the breaking of the C-I bond, its dynamic evolution is the least informative of all the coordinates considered in this treatment. On the other hand its correlations during the dissociation capture much of the essence of the process. During the first 15 fs, when rI extends about 0.9 a.u. and within which the majority of the nonadiabatic transitions occur, the bond experiences a gradual exponential increase. From about 15 fs on r, increases linearly with time. Superimposed upon the linear extension is a very slight oscillatory structure which correlates with the fi bend. This dynamic correlation is more readily apparent in the time dependence of the natural single-particle function weights for rI shown in the upper panel of Fig. 4 . The six curves correspond to the six singleparticle functions used to define the rI degree of freedom. All the weights in the figure display an almost identical time dependence where the oscillations parallel motion in the H,-C-I bending angle to be discussed shortly. The lower panel of Fig. 4 , displaying the six weights for BH, demonstrates that rI is initially strongly correlated with motion in the umbrella bending angle. The two sets of natural singleparticle function weights for rI and L& are even quantita- tively the same up to about 20 fs, through the nonadiabatic transition region. Aside from the 4 coordinate, no other set of coordinates displays such a prominent correlation. This correlation may be in part attributed to kinetic coupling resulting from the non-Jacobian choice of the r-i coordinate. The bond-breaking process seems to induce two different correlations among the nuclear degrees of freedom. Especially during the earlier stages, the lengthening of the C-I bond is highly correlated with the umbrella motion. Near the transition region motion in r1 gains an additional correlation with the & bend. The other coordinates more readily capture the nature of the large geometry changes that are occurring. Figure 5 exhibits the time behavior of the expectation values for the symmetric stretch, the umbrella angle, and the mode whose activity is important for breaking the C3U symmetry, the bending angle 6. In the upper panel, the rn time evolution is seen to be dominated by the fundamental stretching frequency. The observed periods correspond to a frequency of 3060 cm-' which agrees well with the value of 3074 cm-' in Table IV for the eigenfrequency of the asymptotic methyl radical potential. The decay indicates a smooth contraction of the bond in passing from the pyramidal methyl iodide molecule to the planar methyl radical. The dashed line denotes the asymptotic 2.0425 a.u. average value. The second inner turning point at 15.8 fs occurs when the transfer of amplitude to the Qi surfaces is at a maximum. In Fig. 2 , in the vicinity of 15.8 fs, the period for the nonadiabatic transitions is seen to be quite close to the fundamental symmetric C-H stretch period which may indicate a correlation between excitation of the symmetric stretch and the electronic transition. The middle panel further illustrates the smooth nature of the geometry changes that are occurring, here for the umbrella bending angle. However, this change is hardly a gradual one as f& is within its asymptotic planar range by 20 fs. The dashed line depicts the planar value, &=7r/2. The asymptotic period corresponds to about 690 cm-' and is, considering the rather anharmonic nature of the methyl radical potential in the &, degree of freedom, consistent with q excitation in the photodissociated radical product. Finally, the lower panel displays the dissociation from the viewpoint of the bending coordinate, 4. No limiting period can be discerned as the frequencies are progressively becoming smaller. By comparing with the natural single-particle function weights for rI given in the upper panel of Fig. 4 , the bending motion is seen to be highly correlated with motion along the C-I bond. The latter two periods correspond with the oscillations exhibited by the weights. The first period is clearly unique and furthermore totally encompasses the transition region. Considering the average bending angle at the local maximum at 12.9 fs for the first period, the bending angle has increased by 4.8" in passing from the FranckCondon region to the conical intersection. This very nicely agrees with the 5" bend found in the ab initio study for the minimum energy path in the region of the conical intersection.4s3 This distortion of a few degrees from linearity underscores the subtle geometry changes that can provide a symmetry-breaking mechanism. Note that the initial nonzero value for f$ does not imply starting from a bent configuration as the corresponding initial value for 4 is 60". The coordinate range for the bends is between 0 and n and between 0 and 27r for 4. Therefore average values for these coordinates are necessarily positive and cannot be zero. The threefold axis of the ground electronic state allows reduction of the 4 coordinate range to 2~13 for methyl iodide in C 3V symmetry. Then an average value of 7r/3 or 60" for $J implies that all values for this coordinate are allowed which physically corresponds to a @independent ground state wave function. Hence the relaxed wave function, which is the photodissociation initial state, maintains the C3U symmetry and linearity of the ground state. The time dependence of the 4 degree of freedom allows a strong correlation to be uncovered and additionally enables the description of the electronic potential surfaces to be considerably simplified. At each point in time ($)=~/3. While this indicates that the overall wave function is independent of this angle, the dependence of each electronic component of the wave function must be ascertained. Consistent with this independence, the expectation value of the momentum in 4 vanishes at any point in time. However (p$) is nonvanishing. The dashed curve in Fig. 2 exhibits its time evolution. The dashed curve is clearly the mirror image of the 3Qo population and therefore correlates with the two 'Qi states. The correlation between 4 and the electronic state is unambiguously demonstrated by the populations displayed in Fig.  6 . In the lower panel are the three weights for the electronic state. Note that the lower curve is really a superposition of the two nearly identical Q, amplitudes. The upper panel gives the weights for the 4 coordinate. Four single-particle functions are used in the description of the 4 degree of freedom. Aside from the highest, least populated weight, the weights for 4 are perfectly correlated with those for the electronic state throughout the dissociation. Hence motion in 4 is strongly correlated with the electronic state.
The diabatic potential energy surfaces and vibronic potential couplings for the ' Q t states possess cos 34 and sin 34 dependencies. The potential surface for 3Qo is independent of 4 though its potential couplings with the diabatic singlets have the former trigonometric 4 dependence. These observations suggest that a transformation of the original diabatic electronic basis employed in the ab initio calculation may enable a decoupling of the potential surfaces and an elimination of any 4 dependency. The original nuclear wave function is transformed by a "rotation" matrix which "rotates" the original electronic basis through an angle of 3$ within the ' Q I subspace, Within the new electronic basis only the ' Q 1 c state exhibits a potential coupling with the 3Qo state. The 'Qlu state is uncoupled. The indices c and u are used to denote the coupled and uncoupled character of the transformed diabatic states. The ' Q Ic and ' Q, ,, states are coupled to each other via an E X e electronic-nuclear coupling due to the Jahn-Teller distortion of the 'Ql state. As attested to by the lowest curve in the upper panel in Fig. 6 , the population of the ' Q 1 u state is exceedingly small with a natural weight of only 0.000 03. (Consistent with its assignment to the weight of the 'Q lu state, the curve exhibits later-developing dynamics.) So to within a good approximation, the state can be neglected. For the two remaining states, their corresponding wave functions are now 4 independent to within the same low approximate error.
This decoupling of electronic states allows a simple physical description to be given to the dynamics of the methyl iodide photodissociative process. Initially, the entire ground state wave function is "vertically" transferred to the 3Qo surface by a weak broadband light source. As the wave packet is not an eigenstate of this electronic surface, it is nonstationary and begins to evolve spatially and temporally. In the process of dissociating, a portion of the wave packet reaches the vicinity of the conical intersection of the 3Qo and ' Q , surfaces and undergoes an electronic transition. Since the coupling between the 3Qo state and the 'Qlu component vanishes, only transitions to the coupled state can occur at this point. The uncoupled state can only be reached at later times via Jahn-Teller coupling to the 'Qlc component. As this coupling is weak, only a very small population is found in the 'Qlu state.
A 4 independence means that this degree of freedom is irrelevant and need not be considered. The A-band photodissociation of methyl iodide can thus be described, with an error in the neighborhood of 0.003%, using only two excited electronic potential surfaces representing the 3Q~ state and a single +-independent ' Q 1 component. This also has ramifications for any potential contribution of the Jahn-Teller distortion to perpendicularly polarized electronic character in the resonance Raman spectrum.60*6' The small population of the uncoupled component in consort with the weakness of its Jahn-Teller coupling precludes any significant contribution to the Raman intensity.
C. Energy disposal
The previous discussions of the nonadiabatic and mode dynamics have examined those motions through the time de-pendence of their relevant expectation values. However, experimental characterization of the dissociation process is generally formulated in the energy domain from energy resolved experiments. The energy resolved total cross section or absorption spectrum can be formulated in the time domain through the autocorrelation function given in Eq. (15). However other energy resolved data, such as the disposal of energy into the translational, vibrational, and rotational degrees of freedom or the vibrational and rotational product distributions, require calculating the partial rovibrational cross sections of Eq. (9). These are obtained from an asymptotic analysis of the wave function. The asymptotic analysis critically depends upon propagating the wave function until it is truly in the asymptotic potential region where energy has ceased exchanging between different modes of the system. Furthermore, the propagation must be done with equations of motion which conserve energy and normalization. In the current case the analysis also depends upon determining overlaps between the final wave function in bond length and bond angle coordinates and asymptotic scattering functions given in the Jacobi coordinates of the separable kinetic energy operator of Eq. (10). Then a stringent test of the calculation is a comparison of the ahsorption spectrum calculated from the autocorrelation function with the spectrum calculated by summing over all the partial cross sections. Figure 3 compares the two methods for calculating the absorption spectrum. The solid curve is from Fourier transformation of the time-dependent autocorrelation function as given by Eq. (15) and the solid circles are from the summation given in the denominator of Eq. (14). The experimental UV spectrum7 is represented by the dashed curve. While the two calculated spectra agree quite closely the spectrum obtained from the partial cross sections is red-shifted by 0.02 eV or about 160 cm-' from the autocorrelation function result. Upon making this correction the two spectra come into complete coincidence. The constant red shift indicates some systematic error. As discussed after Eq. (lo), rovibrational coupling is neglected in the asymptotic Jacobi kinetic energy operator. Hence the asymptotic eigenfunctions in Eq. (12), which are used to determine the partial cross sections in Eq. (13), also neglect this coupling. On the other hand, this coupling is explicitly included in the propagation. A most likely source of the red shift is the omission of the rovibrational coupling in the asymptotic analysis while it is included in the time-dependent propagation. The small value of the shift and the otherwise perfect agreement with the spectrum determined on the basis of short-time dynamics, gives credence to the validity of the asymptotic analysis. For the cross sections determined asymptotically, the photon energy will be corrected for this red shift.
The cross sections enable examination of the photodissociation from the viewpoint of how the available energy is partitioned into different degrees of freedom. Figure 7 summarizes the energy disposal into translational, vibrational, and rotational degrees of freedom for the I* (solid curve) and I (dashed curve) channels as a function of photon energy. The vibrational energies given in the middle panel omit the product zero point energy of 0.223 eV. At any given photon energy then, the sum of the energy tripartitioning gives the total energy that is potentially available for excitation of internal modes. Clearly, the energy is predominantly disposed into translational motion.
With such a large fraction of the available energy going into translation, a comparison with kinetic energy values obtained from time-of-flight measurements may be meaningful.
The solid and open circles in Fig. 7 give experimental mean kinetic energies for the I* and I channels, respectively.9v12.15.'9 On the average, the calculated values are 0.36 eV higher than the experimental ones. However, conclusions are best drawn from the overall trend. A limited amount of data are available with different experimental conditions and potentials for internal excitation. Also variations of 0.1 eV are reported at the same photolysis wavelength. While the difference may not be precisely quantified, the calculated values do appear to be consistently higher. A higher kinetic energy can result from steeper potential surfaces. The calculated UV spectrum given in Fig. 3 is not only blue-shifted by 0.25 eV with respect to the experimental spectrum, but its width is broader. The broader width indicates a faster dissociation on a more repulsive surface. As the 0.25 eV increment is predominantly partitioned into kinetic energy, this would contribute to a higher calculated mean translational energy for these electronic surfaces.
An estimate of the slight adjustments to the potential surfaces that will bring them into accord with experiment can be made by examining the blue shift in relation to the dissociation energy, Do. Choosing the zero of energy to be the minimum of the ground state potential surface, the vertical excitation energy at the Franck-Condon point of 5.089 eV reported in the ab initio study places the asymptotic I* and I channels at 3.26 and 2.32 eV, respectively, From this latter value for D, and the zero point energies derived from the experimental fundamental frequencies given in Table IV , Do for the ab initio surfaces is 2.19 eV or 50.5 kcal/mol. This value should be relatively unaltered upon consideration of the neglected asymmetric modes. A value of 2.13 eV is obtained for D, from a one-dimensional ab initio surface.36 TOF experimental values of Do are 53.3, 53.0, and 55 0 12~16,32 a compilation of older thermochemical, electron im&t, and pyrolysis results yields an average of 53.8,84 and data corrected to 0 K gives 55.0 kcal/mo1. 9'85 This range suggests that the ab initio value for D, be increased by about 0.15 eV. Upon vertically shifting the excited surfaces by 0.15 eV, correcting for the blue shift can now only be made by decreasing the slopes of the potential surfaces. Not only would this decrease the mean kinetic energy but the width of the calculated spectrum would then come into agreement with the experimental result.
The average vibrational excitation beyond zero point motion is shown in the middle panel of Fig. 7 as a function of photon energy. The overall trend of a vibrationally hotter I channel is also consistently observed by experiments.'2~15~16~'9~38 However, it is only recently that controlled experiments, generally employing supersonic molecular beams, have appeared which are known to be free of parent vibrational excitation.20Y23*28*29*38 The only reported data are for 248 nm.23,38 It is given in the middle panel as the solid and filled circles for the I* and I channels, respectively. Given experimental data at only one wavelength, it is unclear whether the differences between the calculated and experimental points are meaningful. On the other hand, the difference in excitation between the two channels has long been ascribed to the different topologies of the excited electronic surfaces. From the ab initio calculations the Franck-Condon point is quite close to the minimum energy pathway on the 3Qo potential energy surface and little vibrational excitation would be expected in the I* channel. In the vicinity of the conical intersection, this minimum energy pathway is displaced from that on the ' Q i surface with respect to the umbrella angle. In making a transition then, the population transferred experiences a somewhat abrupt change in geometry resulting in vibrational excitation in the I channel. In either case, the middle panel predicts a weak wavelength dependence with the I channel displaying a greater sensitivity.
The bottom panel of Fig. 7 summarizes the energy disposal into rotational motion. Here, too, the trend is for a hotter I channel which is experimentally seen.20,26,27 In considering the effect of initial parent rotation,20'27 rotationally cold parents will have little rotation about the top axis and instead have their rotation axis perpendicular to the C3" axis. The calculated curves in the lower panel are for the perpendicular component. The only experimental data available for cold parents is at 266 nm (Refs. 20, 28, 29) and it is represented by the solid circle. While the agreement with experiment is excellent, without more experimental data to compare with, it is impossible to say whether this is merely fortuitous. The parallel component at 266 nm was found to be more than a factor of 10 less excited.28 This is consistent with the results of this calculation indicating no r$ motion in the I* channel and therefore no excitation in the parallel component. However, at first sight, the calculated findings are rather surprising. The calculation predicts that the rotational energy in the I* channel will increase with photon energy while that in the I channel will decrease, with the two converging to approximately equal values at higher energies. The detailed product distributions of the following sections will examine this point more closely.
D. Vibrational distributions
The umbrella vibrational distributions for the two dissociative channels have been a subject of extensive experimental effort. Prior to the recent ab initio potential energy surfaces, theoretical work had to rely upon empirical potential surfaces parameterized to fit experimental distributions. As the experiments were refined, so too were the empirical surfaces and the theoretical predictions. The experimental consensus now indicates a vibrationally hotter I channel which is inverted. The latest experiments show no population inversion for the lower vibrational levels in the I* channe1.20S22*23 The limited amount of new data precludes any assessment of the wavelength dependence of the distributions. The left panels of Fig. 8 summarize the energy resolved vibrational distributions calculated for both channels by averaging over the rotational distributions. The I* channel is clearly vibrationally cold with no population inversion nor discernible wavelength dependence. The I channel, on the other hand, is vibrationally excited and inverted with a peak at u = 1. The level distributions show a more pronounced dependence upon wavelength.
The data as summarized in the left panels of Fig. 8 may be compared with a lower dimensionality calculation. Most of the theoretical work done on methyl iodide has employed a collinear pseudotriatomic model with radial coupling. '8 The right panels of Fig. 8 give the distributions from that model using the ab inirio potential surfaces with the radial coupling term adjusted to reproduce the I* branching ratio of the 5D calculation. The nonadiabatic dynamics from this calculation was given in Fig. 2 . Upon comparing the two sets of calculations, little difference is seen in the I* channel results except that the collinear pseudotriatomic calculation has a slightly more enhanced u =1 population. However, the I channel distributions portray marked differences. The collinear result is far more vibrationally excited with the peak in the distribution even shifting to u =2 at and to the red of the absorption maximum. And yet both calculations give identical UV spectra. Evidently, the partial cross sections are a far more sensitive measure of details of the potential couplings and of the model employed.
The vibrational distribution at three selected wavelengths, averaged over the rotational distribution, is given in Fig. 9 . The wavelengths selected include the absorption maximum and to the red and to the blue. At these wavelengths the intensity of the absorption is at least 54% of the UV maximum. Consequently, the precision as well as accuracy of the partial cross sections is expected to be high. The I* distribution represented by the black histogram shows very little wavelength dependence. Furthermore, the umbrella mode exhibits little excitation. At 248 nm two groups have reported relative I* populations for the u =O, 1, 2, and 3 levels. 23'38 Their results, summarized in Table V , display truly remarkable agreement! The 5D MCTDH result, the ratio taken from a figure in the bent pseudotriatomic calcula- tion using the same potential surfaces and couplings,37 and the distribution taken from a figure in the classical trajectory calculations reported with the ab initio surfaces4 are also listed in the table. The 5D and bent pseudotriatomic results are almost equivalently above and below the experimental value with average vibrational excitations of 0.019 and 0.045 eV, respectively. Of the calculations, the trajectory result of 0.026 is nearest to the experimental average vibrational energy of 0.033 eV. Figure 9 indicates a greater wavelength dependence for the I channel whose distribution is given by the gray histogram. Also the population is inverted with a peak at u = 1. At 248 nm the experimental ratio38 for the relative I populations is also given in Table V along with the 5D, bent pseudotriatomic, and trajectory results, where the trajectory calculation is unique in giving an inversion peaking at u =2. The respective calculations give 0.08, 0.13, and 0.13 eV compared to the experimental vibrational excitation energy of 0.11 eV. If one were to take this wavelength as representative, the five-dimensional multiconfigurational treatment yields umbrella mode excitations that are a little too cold while the three-dimensional bent pseudotriatomic model's distributions are a little too hot. A bit of care needs to be exercised in making this comparison as the bent pseudotriatomic calculation exhibits a spectrum which is blue-shifted by 0.13 eV from the 5D spectrum. The 5D study maintained an energy gap between the bottom of the ground potential surface and the 3Qo surface consistent with the vertical excitation energy of the ab initio calculations.
Experiments have detected excitation of the symmetric C-H stretching mode following 266 (Refs. 28-31) and 248 nm (Ref. 32) photolysis of methyl iodide. The current calculation indicates a broad-banded value of 0.4% of the C-H bonds excited in the I* channel and 0.5% excited in the I channel. To the blue of 277 nm vi activity roughly increases in proportion to photon energy with a somewhat greater propensity for excitation in the I channel. At 2 11 nm almost 7% of the bonds are excited in either channels. This behavior is consistent with an impulsive model for excitation with an increase in stretch activity in proportion to the available energy. A different behavior is seen at lower energies. The absence of overtones in the Raman emission spectrum subsequent to 266 nm excitation lead to the speculation that the observed vi activity originated from an electronic state other than the 3Qo state.30'3' More recent molecular beam experiments with 266 nm dissociation confirm the selectivity of Y, vibrational enhancement by a measured I/I* ratio of at least 1.3. 28,29 The current calculation exhibits an approximately equal I/I* ratio of 0.1 from 211 to 254 nm. Beyond 254 nm the ratio rapidly increases as the photon energy approaches the energy of the conical intersection. The importance of the conical intersection may be inferred upon comparing Fig. 2 with Fig. 5 , where a correlation is suggested between symmetric stretch excitation and electronic excitation.
The methy radical umbrella and symmetric C-H stretching vibrational distributions are in good agreement with the available experimental data. The umbrella vibrational distribution is cold in the I* channel and inverted in the I channel. These observations can be directly related to the different topologies of the excited potential surfaces. Both channels exhibit little wavelength dependence to the distribution with the I channel displaying more of a dependence. The I/I* branching ratio increases with y excitation. At higher energies symmetric C-H stretch activity in both channels increases with photon energy. The I/I" branching ratio for r+ excitation is approximately constant at higher energies. At lower energies the branching ratio exceeds unity, increasing with a decrease in photon energy.
E. Rotational distributions
The only other relevant reported experimental data to compare with is for I/I* branching ratios at 266 nm for the first two or three vibrational levels. The experimental ratios are 0.12 and 0.38 (Ref. 28) and 0.08, 0.30, and 1.1.20 The current calculation gives values of 0.04, 0.22, and 0.92. Given the experimental uncertainties of 0.05 and 0.1, the results are in very good agreement with each other. With the lack of additional experimental data at other wavelengths the consistency of the agreement cannot be ascertained. Since these ratios depend upon absolute populations they are subject to errors stemming from both the relative vibrational distributions and the I* quantum yield. The agreement of the branching ratios with the bent pseudotriatomic calculation is somewhat less with ratios determined from data supplied in the figures of 0.04, 0.13, and 0.61.
Specific information on rotation of the photodissociated methyl radical fragment is obtained from some of the most recent experiments.20'22Y23Y26-29 The ability to distinguish rotation due to initial parent rotation, initial bending excitation, or zero point bending motion from rotation due to bending of the molecule during the dissociation allows rotational information to give a unique mechanistic insight into the fragmentation process. An initially hot parent will exhibit radicals which are rotating parallel to the top axis. However, rotationally cold parents will have little rotation about the top axis and instead have their rotational axis perpendicular to ' the Csv axis. 20,27 It is the perpendicular component which is considered here. Figure 10 gives the rotational distribution at the three selected wavelengths where averaging is done over the vibrational distribution. The black, gray, and outlined white histograms denote the I*, I, and Franck-Condon dis-tributions, respectively. With increasing photon energy going from bottom to top, the data clearly shows that rotation in the I* channel is becoming more excited while it is becoming less excited in the I channel. At each wavelength the I channel exhibits the greater level of rotational excitation in agreement with experimental observations. 2ov26*27T29 At the lowest wavelength, both distributions have nearly merged to exhibit Franck-Condon character. In fact, the I channel is barely distinguishable from it. From the bottom panel of Fig. 7 , the rotational energy in the I channel is seen to have reached its asymptotic limit by 235 nm while the I* channel still needs to heat a bit more. For both channels the limiting behavior is the Franck-Condon distribution.
The data in Fig. 10 is averaged over the vibrational distributions. This is appropriate when one can assume equal rotational distributions, irrespective of the vibrational level, in other words, that the rotational and vibrational motions are separable. Table IV shows that the y fundamental frequency of the umbrella mode is diminished by a factor of almost 2 during the dissociation in going from the pyramidal methyl iodide molecule to the planar methyl radical. The umbrella bending motion is experiencing a potential which changes populations where the rotational temperatures decrease with methyl fragment umbrella vibrational excitation.23 Figure 11 gives the rotational distributions calculated for the first three vibrational levels with increasing photon energy from left to right. At each wavelength both the I* and I rotational distributions cool upon increasing vibrational excitation. Within a vibrational level, the I* channel cools with increasing wavelength while the I channel heats. The u=O panel at 235 nm shows that an I rotational distribution which appears to be at the Franck-Condon limit when vibrationally averaged (top panel of Fig. 10 ) is not when vibrationally resolved. The wavelength dependence of the rotational distributions is intriguing. Especially so, when the limiting high energy behavior is indicative of a Franck-Condon distribution. The Franck-Condon distribution is obtained by calculating the overlap of the initially promoted state with the asymptotic fragments. Hence, it determines what part of the final rotational character is due to zero point motion or initial excitation of the bending degree of freedom. It remains to answer why this is the high energy attribute of the calculated rotational distributions where, for this study, the initial source of rotation is only zero point motion as the molecule starts from its ground vibrational state. The arguments presented in the ab initio studies are most germane for understanding this,4,83 where the vibronic coupling induced by bending is typical for such a conically intersecting structure.33-35 tion which is intermediate. However, the rotational excitation in the I* channel is considerably colder and the excitation in the I channel is considerably hotter than what is found here. Moreover, the wavelength dependence exhibits exactly the opposite behavior; the I* channel cools with increasing photon energy while the I channel becomes more excited. Considering the large difference in its Franck-Condon distribution from this study, this may be attributable to a different initially excited methyl iodide molecule as well as a different model. Furthermore, the pseudotriatomic model predicts separability of the vibrational and rotational motions and consequently displays no dependence of the degree of rotational excitation upon vibrational level.
The initially promoted state carries its zero point bending motion into the transition region. At the conical intersection all three excited electronic surfaces have local potential minima when f$ is about 5". The products on all three surfaces get an equivalent extra increment of rotation from this bending. However, after the conical intersection the bending potential on the surface asymptotically correlating with the I* product has a substantially greater bending force constant at &=O than do the surfaces correlating with I. In fact the I bending potential is quite flat (see Fig. 6 of Ref. 4) . Prediction of what occurs for the ultimate product now depends upon the kinetic energy of the system. At the highest wavelength, lowest energy dissociation, the effects of the conical intersection dominate. Consequently, far to the red of the absorption maximum, one would predict that the I* distribution would be cooler than the Franck-Condon distribution while that for I would be hotter. The difference in average energies of the rotational distributions would be a direct reflection of the torsional energy gained and kept by the I channel due to the energy lowering upon bending at the conical intersection. Taking the other extreme limit of very high kinetic energy which swams out more subtle potential differences, one would anticipate maintaining the original FranckCondon distribution in both channels. The high energy limit for both distributions clearly approaches the same value as the lower panel of Fig. 7 demonstrates. At intermediate wavelengths and kinetic energies, a mean behavior of the above two extremes would be predicted for both dissociation channels.
When considering both in-plane and out-of-plane H3-C-I bending, the calculated rotational distributions for the methyl radical photofragment are consistent with experimental observations. The out-of-plane component (4 dependent) results in rotation which is parallel to the top axis of the radical. As discussed in Sec. IV B the 4 dependency of the wave function is exceedingly small and, consequently, so is the parallel rotation. Hence rotation is found to be dominantly perpendicular to the top axis as experimentally reported for photodissociation of cold parent molecules. At all wavelengths rotational excitation is greatest for the I channel. The rotational distributions exhibit the commonly experimentally observed dependence upon vibrational excitation; rotational energy decreases as vibrational energy increases.
V. CONCLUSIONS
Dynamics calculations require a set of coordinates in which the equations of motion are represented. Jacobi or internal coordinates are generally employed in quantum mechanical studies. If the number of specified coordinates is less than the number of degrees of freedom of the system an approximate reduced dimensionality description results which is not unique.
A rather different picture of the effects of the conical intersection is given by the bent pseudotriatomic mode1.37 It also yields a hotter I channel and a Franck-Condon distribuMethyl iodide's A-band photodissociation is most frequently approximated by a collinear pseudotriatomic model which restricts the dissociative process to C3" symmetry with an avoided crossing of the excited potential surfaces. With empirical potentials, the model reproduces the experimental data that it was designed to. Even upon the ab initio surfaces, the model yields exactly the same UV spectrum and quite similar I* umbrella vibrational distributions as more comprehensive treatments. Gross features of the nonadiabatic dynamics are also correctly portrayed. The twodimensional collinear pseudotriatomic model gives a good description of those aspects of the dissociation which are dominated by the rapid rupture of the C-I bond. An extension of the model to accommodate planar bending in the C2 symmetry plane treats the conically intersecting surfaces far more realistically. The three-dimensional bent pseudotriatomic model can describe rotation of the methyl radical fragment perpendicular to its top axis. To correctly represent the angular motions (umbrella and bending) or to include other vibrations one must go beyond the pseudotriatomic approximation.
This current study of methyl iodide represents the photodissociation in terms of all vibrational modes for which experimental data exist. Treating the bending motion fully in three dimensions allows assessment of the effect of both inplane and out-of-plane bending upon the nonadiabatic process. Rotation of the methyl fragment can then be decomposed into its parallel as well as perpendicular components. Inclusion of the symmetric C-H stretch can address the question of whether there is channel selectivity to excitation of this mode and its mechanistic origin.
The successful five-dimensional quantum mechanical treatment of the dissociation dynamics attests to the applicability of the multiconfigurational time-dependent MCTDH approach for multidimensional systems. The calculation offers a wealth of insights and data delineating the dynamical activity of all of the experimentally observed modes and the disposition of energy. All experimental observations are very well reproduced; (1) cold umbrella vibrational distribution in the I* channel; (2) considerably hotter distribution peaking at u = 1 in the I channel; (3) large increase of the I/I* branching ratio with increase of umbrella vibrational excitation; (4) more perpendicular rotational excitation in the I channel; (5) no parallel excitation; and (6) enhanced VI* branching ratio for symmetric C-H stretch activity. By including the out-ofplane bending, the two diabatic singlets comprising the 'Q, state are demonstrated to be resolvable into a component which exhibits potential coupling to the 3Qo state and another which does not. This shows that future calculations may ignore the out-of-plane bending represented by the 4 degree of freedom and employ only one 'Qr component. As the uncoupled component has an exceedingly small population, this predicts that the Jahn-Teller distortion of the 'Q, state is an unimportant contribution to the perpendicular character of resonance Raman depolarization ratios.
The current study also indicates what slight adjustments to the excited potential surfaces would bring the calculated UV spectrum into agreement with the experimental spectrum. This section describes a practical scheme for deriving a reduced dimensionality kinetic energy operator for a polyatomic system, methyl iodide. It is important to note that no unique solution exists for these reduced dimensionality operators. In fact, the resulting operator explicitly depends upon the particular procedure imposed to eliminate the coordinates which are neglected in the treatment. This problem has already been recognized for methyl iodide.87 The scheme presented here focuses upon ease of application to problems involving a large number of degrees of freedom rather than some especially desirable protocol to treat the lack of uniqueness. Coupling between rotational motion and motion in the chosen "reduced" coordinates will be neglected. Consequently, the operator to be derived is a reduced dimensionality vibrational kinetic energy operator, total angular momentum J=O.
The derivation of the reduced dimensionality vibrational kinetic energy operator can be aided by first examining construction of the vibrational kinetic energy operator for a complete set of curvilinear coordinates where the solution is unique. Excellent descriptions of methods for deriving the full kinetic energy operator (including the vibrational/ rotational coupling terms) for such complete sets have been given.88
Let N be the number of atoms, Qi , i = 1,2,. . . ,3N, be a set of mass-weighted Cartesian coordinates, and qi a set of 3N curvilinear coordinates. Then a matrix element of the kinetic energy operator between two general wave functions 4 and ti may be written as Q+*(Q); e?? (/l In particular, G is a symmetric matrix which is only a function of q, G(q) =G[q( Q)] . Then, an explicitly Hermitian vibrational kinetic energy operator in curvilinear coordinates can be obtained from Eq. (A2), the iodine and a methyl hydrogen), the umbrella angle Ot.i of the methyl group, and the symmetric C-H bond distance rn . The remaining coordinates are frozen at values which maintain the local C 3V symmetry of the methyl fragment. The molecular frame is arranged so that the z-axis is perpendicular to the plane spanned by the three hydrogen atoms and is, therefore, coincident with the local C3" symmetry axis. In addition, the C-H bond of the first hydrogen atom is chosen to lie in the xz-plane. Figure 1 defines where a reduced dimensionality volume element ?( q)d"q is employed with all matrix elements. Only derivatives of the M active curvilinear coordinates are necessary for determining the G matrix elements. These derivatives are evaluated at the specific values at which the coordinates qM+ 1 to q3N are frozen.
The reduced dimensionality kinetic energy operator in Eq. (A5) requires the G matrix elements in terms of the above bond length and bond angle internal coordinates. Two successive transformations can enable their evaluation. Initially, for the mass-weighted Cartesian coordinates Q,, , Q t D to Q3a defines the positions of the three hydrogen atoms, Q4, the position of the iodine, and Q,, that of carbon with LY= 1, 2, or 3 denoting either the x, y, or z component, respectively. Neglecting overall translational motion, the first transformation relates all positions relative to the carbon atom, placing the origin of the coordinate system upon the carbon ~a=& where m, depicts the mass of atom n. The same approach is now applied to methyl iodide. The
The second transformation yields a polar coordinate repfive coordinates included in the dynamical treatment are the resentation of these relative Cartesian coordinates. The trans-C-I bond distance rI, the Hs-C-I bending angle 6Ji (the formation matrix B(r, ,8, ,+J transforms the Cartesian angle between the C-I axis and the axis perpendicular to the infinitesimal displacement dx, with components plane spanned by the three hydrogen atoms), the angle +6 (dx,,, 7 dx,, ,dx,J into the polar infinitesimal displacement defining the direction of the bend (dihedral angle between dr, with components (dr, ,dO, ,d$,), where cos 4, sin 8, sin 4, sin 8, B(r,,%,4,)= cos 4, cos 6,lr, sin 4, cos O,lr, -sin r$,lr, sin 0, cos +,lr, sin 8,
As of yet, no reduction in the number of active coordinates has been made and employment of the transformation matrix yields the same number of polar coordinates as initial relative Cartesian coordinates. By switching to the reduced set of internal coordinates under consideration, constraints are placed upon certain polar components. The coordinates neglected in the reduced dimensionality treatment are frozen so that the C3U symmetry of the methyl fragment is retained. Consequently, for the geometries within the reduced dimensionality space, r, = r2 = r3 = rH , 8, = t9,= S3-I&, and, with the given molecular frame arrangement, +,=O, &=2?r/3, and &=4rrl3. An overscored bar on a phi component, & will denote one of these frozen values in order to enable distinction with the variable phi component, 4,. Note that the determinant of B is (t-z sin 19,) -' . In order that the map-
ping be Tea preserving, the reduced dimensionality volume element V, given in terms of the chosen internal coordinates, is V=r$ sin &r-t sin 0r.
648)
With the transformation matrix given in Eq. (A7), the infinitesimal variations of the internal bond length and bond angle coordinates employed in the methyl iodide description can be delineated. The symmetric C-H stretch variation is given by dr,=i ( The first term in the expression for the infinitesimal variation of the bending angle describes motion of the C-I axis. The other term results from motion of the plane spanned by the three hydrogen atoms. Restricting the methyl group to C3" symmetry necessitates that the axis perpendicular to this plane be parallel to the z-axis of the reference frame. Then, an infinitesimal motion of the H, atom results in an angular variation of -2 cos( I#J-&)l(3rH sin &J dx13 between this axis and the reference frame z-axis. Analogous contributions arise from the other two hydrogen atoms.
Employing these coordinate definitions, the G matrix can be calculated for the selected set of internal coordinates used in this work. To simplify the following formulas and to make contact with Eq. (A5), the coordinates rn , &, 4, rI , and I$ are alternatively denoted by q, to q5, respectively. Then the G matrix of Eq. (A3) reads G,,=; i dqidqk ,,=, n=l aQna aQna 
The matrix GC is more complicated as it also describes kinetic coupling between the different coordinates, dented by the last four momentum coupling terms. Much of @la) the kinetic coupling may be eliminated. This can be accomplished by changing from the coordinates rI and 19, to the and Jacobian coordinates Fr and 4, respectively, where ?r is the distance between the iodine atom and the center of mass of 3mH the methyl group and %, is the angle between ?r and the axis 3mH+mc rH cos eH . @lb)
Within the new coordinate set the kinetic energy is considerably simplified. All kinetic couplings between the iodine and the methyl group vanish. Applying the same procedure f=-;;$ i $ with ,G denoting the reduced mass of the dissociative coordinate, l/,G= l/mr+ l/(mc+3mn). The reduced dimensionality volume element is V= i-h sin e& sin el. @4)
APPENDIX C: CALCULATION OF PARTIAL CROSS SECTIONS
The partial cross sections of Eqs. (9) and (13) require evaluation of overlap integrals between the asymptotic scattering wave function and the asymptotically propagated wave function. The scattering wave function Q~~~~)(E,]i) defined in Eq. (12) is given in terms of the Jacobi coordinates R. To obtain the partial cross sections specified by Eq. (13) would require transforming the asymptotic wave function from the bond coordinates R employed in the propagation to these Jacobi coordinates. However this is a computationally intensive procedure. As a more feasible alternative, the coordinate transformation specified by Eq. (Bl) is employed which expresses the Jacobi-coordinates as analytic functions of the bond coordinates, R=R(R). Note that 4 is invariant with respect to this transformation. These values are inserted into the analytic form given in Eq. The rovibrational distribution matrix elements can then be evaluated numerically on a grid of bond coordinates.
The asymptotically propagated MCTDH wave function, whose form is given by Eq. (4), is a function of the five nuclear degrees of freedom and the three electronic states. As shown in Sec. IV B the number of relevant electronic states can be reduced to two representing the 3Q0 and ' Q ic states. The former electronic state is 4 independent while the latter exhibits a cos 34 dependency. Therefore the 4 integration in the overlap integrals is trivial. Explicit computation of the integrals is only needed for the four remaining nuclear coordinates. As the spatial extent of the asymptotic wavefunction is less than the grid range used in the propagation (see Table  I ), the MCTDH wave function is expanded on a direct product grid of approximately 3 200 000 points (252 in rI , 32 in 4, 12 in rn, and 33 in %) for each of the two electronic states.
